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SUMMARY
Theinfluenceof crystalplaneondrystaticfrictionhasbeen
determinedbetweentwosinglecrystalsof copperfromthesurfaceof
whichalloxidehadbeenremoved.Thecoefficientoffrictionbetween
the(100)faceswasgreaterthan100,andthatbetweenthe(ill)faces
wasapproximately25. Thedifference%etweenthecoefficientsforthe
twosetsof facesisattributedlargelytothedigging-inandgreater
areaof contactwiththe(100)faces.Exposureof thesurfacestoair
loweredthecoefficientsforbothsetsof surfacesto a%out1. The
strengthof adhesionbetweentwocrysta~placedin contact,as deter-
minedfromtheareaof contactandtheverticalpullrequiredto
disengagethecrystals,wasroughlyequalto thetensilestrengthof
bulkcopper.
Theinfluenceofthesurroundingatnmsphereonwearbetweentwo -
drypolycrystalMnecoppersurfaceshasbeendeterminedbymeasuring
thetimerequiredfora copperspheretowearthrougha filmof copper
depositedona cylindricalsteelrotor.Theatmospheresu edwere
hydrogen,endnitrogencontaining0.2percentof o~gen. TrLan attis-
phereofhydrogenat 300°C thesphereworethroughthecopperfilm
h about10 seconds,whereasinthenitrogen-o~genmixtureth-esphere
hadnotwornthroughthefilmafter~ minutes.
An atteqtwasmadeto determinetheeffectwhichva@atlonin
roughnesswith~lsmedueto etchinghadonwear. Thetimesrequired
forseveralfacesof a coppercrystalpreviouslyetchedinstearic
acidat @o C towearthrougha leadfilminmineraloilatroom
temperaturew remeasured.The (lJO)face,whichbecomesveryrough
onetchinginstearicacid,worethroughtheleadfilminexcessof
200timesfasterthanthe (ill)face,whichremainsverysnmoth.
-.
Theinfluenceof atmmphereonwearthrougha leadfilmbya
polishedcoppersphereinmineraloilatroomtemperaturewasstudied.“
lhan atmosphereofhydrogenthesphereworethroughthefilmapproxi-_
matel.y200timesfasterthaninanatmosphereof air.
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Therocrysi%illizationofthesurfaceofa copperstiglecrystal
uponquenchi~froma hightemperaturewaxshowntovary+peatlywith
planel Themetalinthe(100)regionrecrystallizedintomanysmall
crystalstcla greatdepth.A fewexperimentswerecarriedouton the
influencec,fsunlight-on theatmospherictarnishingof copper.crystak!.._
INTRODUCTION
Inreference1 experimentswwe describedwhichwereconcernedwith
thechemicalactionofoilsandgasesonisolatedmetalsurfacesunacco-
mpaniedbymechanicalfric’ciona dwear.Thesee~erimentshowedin
general‘chathechemicalpropertiesof theindividualcrystal~ofa
numberofmetalsvariedwithplane.Theyemphasizedthqfactthat
measurementsmadem apparentlybaremetalsurfacesaregenerallymadeon
invisiblefilmcwhichgreatlyaltertheresults.ItwasespecM.lly~hwn
thatinvisiblefilmsofoxide,intheformationofwhichtheratevaried.
withplane,greatlyaffectedbothchemicalandphyeicalprocemzes.
in attemptingto identifythefactorswhichincreaseordecrease
f!rictloni lubricatedsystemswheremanymaterialsarepresent,the
behaviorofa baremetalsurfacefreeofccmtaminatingoxidefilmsmust
be usedasa raferencestandard.Oncethebehaviorofa baresurfaceis
correctlyunderstood,theinfJuenceofothermatemlalsinthesystemay
be determined.~ anattemptoob’kina truemeasureofthebehavicmofi
a baresurface,severalsimpletypesoffrlciionmd waarhavebeenstudied
inthepresent’investlgati&on6-&’facesfromwhichalltracesofoxide
werere.ioved.Theval=~-obtainedforfrictionandwearweremuchhigher
thanthose&erierallyrecordedforbaresurfaces,thisresultindicating
thatoxidefilmsareresponsiblefora largershareoflubricationthan
iscammonlybelieved.Whentheoxidefilmwasremoved,a variationin
drystaticfrictionwithplanewasalsodetected.Thepresentln~estiga-
tionincludestudiesofscammechanicalprocessesanda fewstudiesof
combinedmeclwd.calandchemicalprocesses.Specialemphasiehasbeen
placedontheinfluenceofcrystalplaneandsurroundingatmosphere.
Thisworkwasconductedat
Virginia,underthesponsorship
NationalAdvisuyCommitteefor
theSchoolofChemistry,Universityof
andwiththefinancialassistanceofthe
Aeronautics,
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DE SC RI PTIONOFE XPERIMENTSAEDR ES ULZS
lTU?LUENCEOF CRYSJ?ALPLANEANDmUl!@m-PEU@E ON
DRYSI!ATIC3R10T101iIUWKEENTwosmLfJ oRYsrAISOFCOPPER
lietho~of’E~er-nt
Thegeneralmethodconsistedindetermining& pullrequiredto
movea singlecrystalsphererestingontheflatsurfaceofanother
~stal, bothorystalsbeingso orientedthatthesametwofaceswerein
contact.Thedirectionofpullwaspara~elto thisface. A diagramof
theapparatusis showninfigure1.
Thetwocrystalswere@lacedin contactalonga commonplaneby the
followingmethod:Eachcrystalwasheldby twopointedscrewswhich
yressedtightlyintothemetalat twoopposite(KLO)poles.Sincethe
@eat circle quidistantfromthesetwopolescontainsmostofthe
importantplanes(the(100),(31.1), (IX), and(110)), twolikefaces
werebroughtin contactbyrevolvingeachsphereaboutitsads untilthe
desiredfaceontheqppercrystalwaslocatedonthelowersideofthe
sphereandtheflatfaceonthelowercrystalWM locatedm theupper
side.Thenby loweringtheuppercrystalontotheloweronethetwo
desiredfaceswereIn contact.
Thelocationofthevariousfaceson thespherewasdeterminedfrcm
theofidationpatternobtainedbyheatingthecrystalin airfor
10mfnutesat200°.TemperaturesinthepresentpaperaregivenindegF6Gs
centigrade.Flatsurfacesparallelto the(ill)and(100)planeswerecut
cmthelowercrystalby thefollowingmethod:A (100)polewhichappears
as a smallcrossin theoxidationpatternwaslocatedonthegreatcirclec
Withthispositionas a center,a circle,10millimetersindiameter,was
markedonthesurfaceof thespherewitha pairof div}ders.A planesur-
facewiththeinscribedcircleas boundarywaacaref@ly~owd onthe
syhereby pressingitagainsta metallo~aphlcgri@.TLgbeltofn@i~-
@ade emerypaper.Anotherplanesurfacews sWlarly groundat a
(111)poleonthesamegreatcircle,thepolebeinglocatedontheoxidat-
ion patternat thecenterofa smalltriangle.4@tertheses~!?aceshad
beenmechanicallyandelectiolytfcall.ypolished,theirlocationwaschecbd”
by lightlyscratchingtitha pin. Thesliplinesonthe(100)faceshould
intersecteachotherat 50°andthosem the(lIL)intersecteachother
at 600.
The(100)and(lXL)polepositionson
m a greatcircleequidistantbetweentwo
punchmarksweremadeabout3 millimeters
poleposition,one
on the otherside.
markbeingon oneside
the uppercrystalwerelocated
opposite(I-I-O)poles,andtwo
frm anddirectlyoppositeach
ofthe@?eatcircleandtheother
Theupperspherewasrotatedaboutitsads untilthe
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punchmarksoppositethedesiredpoleweredirectedownward,sothatwhm
thiscrystalwaslowered,itrestedonthedesiredposition.
Thelowercrystalcontainingtheflatfaceswassupportedby screws
heldin theupri@ts ofthebaseplateA, andtheuppercrystalwassup-
portedby screwsheldintheyokeB. ThebaseplateA wasprevente~fran
movingforwardby a copperwireattachedto theupri@tsofthebaseplate
andslippedovera nickelhookweldedtoa tuugstmleadC whichwassealed
intotheendoftheglasstube.A coppercylinderD, witha grooveinthe
top,wasplacedontheendofthebaseplateto suppcmtheshaftof the
yokeB duringevacutionandbeforethecrystalswereplacedin contact.
Purifiedhydrogenpassedinthrou@E andleftthroughtheground-
glassjointF heldina rubberstopperwhichfittedtightlyintotheopen
endofthoglassapparat@. A smallcork@itha holeinit,Justlarge
enoughfortheshaftoftheyokeB topassthrough,wasinsertedintothe
endofthis@&38S ~oint. A clearanceofabout1/2mi~ter betweenthe
shaftandtheholeinthecorkwasobtained.Duringtheteststhegas
passedoutthroughthisannularspace,andtheshaftoftheyokedidnot
touchthewane ofthecork.I?riortopassinghydrogenthroughthe
apparatusitwasevacuatedby attachingtoF theotherhalf?aftheground-
glass Joint,whichwasconnectedtoa Hyvacpwnp.Theglassapparatuscon-
sistedofa tubeabout5 centimetersindiamsterand35centimetersin
lengthandenlargedat oneendas shown.
Thehydrogenusedwaatankhydrogenpurifiedbypassageovercopper
wireheatedto450°YDehy&ite,andAscsrite.Allpartsoftheapparatus
werehandledwitisofttissuepaper.ThebaseplateA andcylinderD were
putintotheappayatwbymeansof longbrasstongs.Theground-glass
jointF wassparselylubricatedwithsiliccmegreasec Theapparatuswas
heatedby a portableresistancefurnaoeslippedovertheend.
A uniformprocedurewasadoptedl ThebaseplateA containingthe
lowercrys*=wasplacedIn theap~atus andattachedtothenickelhook
topreventmovementduringthemeasurement.ThecoppercylinderD was
putinpositiononthebaseplate.TheyokeB containingtheupperaryatil
wasplacedIn thevesselandtheshaftwasalloi?edtorestinthegroove
inthetopof.thecyllnder.Theotherendoftheshaftwasslippedthro~h
thesmallc~peninginthecorkwithintheground-glassJointF as therubber
stopperwasforcedtightlyintotheendoftheglassapparatus.TheOUt-
sidehalfoftheground-glassJointwasattachedtoF andthesystemwas
evacuatedfor15minutes.Hy&ogenwasthenallowedto sweepthroughthe
systxaa,thepumpwascutoff,thepressureraisedtoatmospheric,andthe
outsidehalfof the~ound Jointremwed. Therateofflowofhydrogen
uasmaintainedat 6 cubicfeetperhour,
Theimportantstepofplacingthetopcrystalontothebottomone,
whileat thesametimepreventingi.tfromrollingsi.dewayeafteritwesin
place,wasaccomplishedby themechetiamshowninfigure1. G consisted
ofa horizontalshaft,1/4inchindiameter,witha smallcircuhrdisk}
3/4 inchin“diameteqattachedtooneendoftheshaft.ThecrankarmE,
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a flatstripofbrass1/4 by 1./I.6by 6 incheslong,wasattachedto a mwill
pinlooated1/4inohoffcenterinthecirculardisk.A shortsectionof
circularshaftI wasconnectedto theverticalcrankarmE sothatthe
shortsectioncouldbe revolvesina vertioalplaneaboutthepinconnect-
ingitto theorankarmbutcouldnotbemovedSicie=ysorturneaaboutits
ownaxis. On theendoftheshaftI wasa smalJsleevewithsetsorews
neareachendforclampingI rigidlyto theshaftofyokeB. Thetop
spherewasplacedonthebottomoneby thefollowingproceaure.Withthe
shaftof theyokerestinginthe~oove ofthecoppercylinder andtheyake
ina horizontalposition,theshaftWS connectedrigidlyto thesmall
sleeveby meansofa setsorew.ThecirculardiskG withitsshaft
wasmovesforwardtowardthemainapparatuswiththeyokeB remainingin
position,untiltheorankarmH hadrevolvedaboutthepininG ina
counterclockwisedirectionby an angleofabout2!j0.ThediskG withits
shaftwasnextmoveddirectlydownm”rauntilfirst,theshaftoftheyoke
restedontheoorkinthewound-@ss JointF andsecond,theyokeholding
theorystalwasraised3/4 inchabovethecoppercylinaeronwhichithad
beenresting.TheorankarmH wasthenrevolvedaboutthepininG until
H wasina verticalposition.Thisshoulderingthetopcrystaldirectly
abovethecenterof theflatfaceonthebottomorystal.By turningG
aboutitsshaftthearmH wasslowlyraisedupwarauntilthecrystalrested
ontheloweroneandtheshaftof theyoketookup itspositioninthecenter
ofthesmallholeinthecorkintheglassjointF.
Thefurnacewasplacedovertheendoftheapparatuswithinabout
6 inchesof the?nibberstopper,andtheapparatuswasheatedforabout
30minutesuntilthetemperaturewithinthefurnaceasmeasuredby a ther-
mometereached~0° to ‘520°.It washeldat thistemperaturefor15min-
utesandtheheatwasthencutoff. Withthefurnaceleftinplacethe
temperaturedroppedtoabout3000in25 minutesandthefurnacewasremoved. ~
Afterabout30minutestheapparatushadcooledtoroomtemperature.A
balancepanwhichcouldbe loadedwithmercuryat a constantratewascon-
nectedto thebottomof thecrankarmH bymeans‘ofa smallsteelwire.
Mercurywasrunintoa beakeronthebalancepanat therateof200grams
perminute.A platformwasplacedabout1/2inchbelowthepanto stop
themotionof theuppercrystalafterithadmovedaorosstheflatsurfaoe
ofthelowerone.
Thecrystalswaremechanical.lypolishedwithnumber1 emerypaper
untilalltracesof scratchesfromtheprecedingruuwereremoved.They
werethenpolishedwithpapersnumbersO to0000andfinallyelectrolytically
polishedinphosphoricacidsolution.Carewastakenthatallstrained
layerswereremovedby loweringthecurrentdensityandnotingthesharpmss
of theetchpatternformed.In orderto obtaina =ooth surfaceon the
flatfacesofthelowercrystilitwasnecessaryafterthefirstelectrolytic
polishingtopolishagainmechanicall.yonpapersnumbers000and0000and
topolishelectrolyticallyforan additional10 to1>minutes.Thecrys~ls
werealwayspolishedimmediatelybeforea runandplaceddirectlyintothe
apparatus.In ordertopreventdigging-inofthetopsphereintotheflat
surface,thebottomcrystalwassetsothattheflatsurfacehada forwafi
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angleof–2° to3° downwardfroIuthehorizontal.A smaJJshift,3/16 inch
indiameterby 1/2 inchinlen@h (notshowninfi~.1),extendsfromthe
sideof eachcrystalto serveas a handleinthepreparationfthe
crystal.!l?helocationof theshaftonthespherevariedwitheachcrystal,
butinmarkingthedesiredfacesonthespherethegreatcirclewasso
selectedthattheshaftwouldnotInterferewiththeyokecmvertfcal
Supper.tso . , .
Theapparatususedformeasurementoftheverticalforcerequiredto
separatetwocrystalsplacedin contactwaq.similartothatusedfor
measurementof”staticfrictio~exceptthatitwssarra~edvertically
insteadofhorizontally.ThebaseA consiste~ofa steelcylinderwhich
restedone small.glassringB. Thepurposeofthisringwastoprevent
differencesinexpansionofthesteelandglassframcrackingthewalJof
theglassvessel.ThebaseA washeld.inplacebya amaILpieceofpiano
wirehookedovera bendina nickelrodmlded tothetungstenleadC in
thebotta of thevessel.Thelowerhalfoftheapparatuswasheatedto
500°inthecourseof 35minutes,heldat thistaperaturefor15minutes,
andallowed.to coolto 300°in25minuteswiththefurnaceinplace.The
furnacewasthenremovedandtheapparatuscooledtoroomtemperaturein
about35minutesby blotinga streamofair.ag@nstthewallsofthe
vessel.Thetii”gh~ofthetopcrystalandsupportin~mechanismwas
75 w~~ and~ recor~g thef~ce req~redtoseparatethecrystalsthis
wassubtractedfromthetotalwsi@rtofmercuryinvolved.Theareaof
..
contactbetweenthecrystalswasestimatedby examinationfthedisrupted
regionsunderthemicroscope.Regionswhichhadadheredin generalaypeared
roughandgranular.
Results
-r
Theapparatususedinthisseriesof experimentswasconstructedfOr
thepurposeof’measuringcoefficientsoffrictionrangingfromabout10 up
toa Mnitimgvalueof100. Onlytheorderofmagnitudeof coefficients
lessthan10 couldbe determined.
Staticfrictionbetweencrvstalsinanatmosphereof airat-room
.—
temperature.-Forpurposesof cmparisonwithoxide-freesurfaces,itwas
desiredtoobtainanapproximatem asureof thecoefficientsof surfaces
actedonby theoxygenin theair. Afterelectrolyticpolishing,washin~
anddryin~,thecrystalswereclampedintheirholdersandimmediately
placedin ccmtactinthe”apparatus.In allmeasurementsmadeinairthe
coefficientswereapproximately1. Itwasnotpossiblewiththisapparatus
todeterminodifferencesbetweencoefficientsinairforpairsof–
(100)facesandpairsof (Ill)faces.
Staticfrictionbetweencrystaleplacedincontact-afterheatingin
!Q!Q3QQ”-At firet-fifiasttemptedto-measurethefrictionbetween
crystalswhichwereplacedincontactafterheatingihhydrogen.The
result=werenotaccuratelyreproduciblebutdefinitelyfellwithincertain
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rangesforeachsetoffaces.Thecrystalswerepo~shed,placedinthe
apparatus,heatedinhydrogen,andcooledinhydrogento roomtemperature
beforebeingplacedincontact.Thecoefficientsforthe (Ill)faces
rangedfrom10to 20 endforthe(100)facesfrom62 up to 100,theMmit
of theapparatus.Sliplineswerevi.si.bleonloththeupperandlower
surfacesinbothinstawes,buttheywerealwaysmuchmoreprominenton
the(100)facesthanonthe (lXL)faces.Pairsof (Ill)faceshad.only
a slight endencyto digintoea~hother,andtheuppercrystalslid
smoothlyoverthelowerone. Pairsof (100)faceshada decidedtendency
to digin,whichremovedsizeablechunlmfromthelowercrystal.Pits
as deepas0.20millimeterwereobserved}md thesidesof thepits
shuwedregularfacetswhichcouldnothe definitelyidentifiedbutwhich
wereprobablyparallelto (lJl)plunes.Whenen attemptwasmade,by
t~stingandyullinntheconnectingrod,to separatethetwocrystals
placedincontactby thismthod,theresultw%ssimilarto thato%tained
whentwoadhesivematerialstiebeingdisengaged.”””Thetopcrystalcould
he rolledover,butitstillremainedattachedto theloweronewherever
ittouched.
Staticfrictionbetweencrystalsplacedincontactbeforeheatinq
inhydrogen.-Themostconsistentlyreproducibler sultson theinfluence
ofcrystalplaneon staticfrictionbetweenoxide-freesurfaceswere
obtainedwhenthecrystalswereplacedtogetherbefore.%eingheatedin
hydrogen.Mostofthetimemnployedinthisseriesof e~erimentswith
staticfrictionwasdevotedto improvingandusingthismethodof
measurement.A largen@er ofpreliminarye~eriments,about40,was
conducted.Theseshowedthatthegeneraltrendof frictionbetweenpairs
of (ill)faceswasmuchlowerthanthatbetweenpairsof (100)faces,but
emoccasionalresultwasobtainedwhichwascom@etelyoutof line. How-
ever,withgreatcareinsettingthecrystalsothattherewasno
appreciabledownwardcomponentinthepullon-theuppercrystal,satis-
factorilyreproducibler sultsforthist~e of~aaurementwereobtained.
Thevaluesobtainedinthefinalseriesof 10 consecutiveeqerimentsere
givenintableI.
8TABLEI
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HYDRazEN —
[ Pairsof (100)facesslidingina (100)direction.Pairsof (lH.)facesslldimgina (232.)direction.
Slightangle%etweenorystalplaneemd.direction
ofpull~
crystals
(me)-(me)
(100)-(100)
(loo)100)
i(100)100)(100)-(100)
Avera&
(111]-jln]
[IL).):-(lId.)
t Avers@
(d CcOfficient-offriction
Over4000 Over100
Over4000 Over100
Over4000 Over100
Over4000 Over100
,Over4000 Over100
Over4000 I Over100
980
Moved%0eiigeat 950;
slippedoffat1380
2010
960
750
24.5
23.7(at950g)
25.2
24.0
18.8
930 t 23.2
.
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ThefinalTullrequiredto separatethetwocrystals&en (100)faces
wereinccntactcouldnotbe determinedsincetheapparatuswaslimitedtu
a pullof 4000gram. Duringtheloadingoperationinthecaseof
(100)faces,thetop-crystalmovedabout-0.5millimeterovertheflat
surfaceina seriesofyeryshortJerksandcutradeepfurrowinthe
lowersurface.“Thecrystalsinthiscasecouldonlybe separatedwith
difficulty* Thiswasaccomplishedby–loosmingthesleeveat theend
ofshaftI idfigure1 andsimultaneouslyrockingandpullingtheshaft
untiltheuppercrystalwasdisengaged.Thisso disturbedthelower
surfacethat-theamountof informationbtainedfroma microscopic
examinationfthepointof contactwasMmi&d. Whentheregions
adjacento thepoinlro~contactwereexamined,veryprominentsIQ
lineswerealwaysvisibleonboththeupperandlowercrystals.Three
shallowdepressionsappearingas leavesof-athree-leafclover adia-”d
—
fromthecenterof theDolntof contactonthelowercrYstalcOnewas
Iocatdtotheright,&e
ofpunt
In twocasesaftera
(100)faces,the”loadwas
totheleft,andoneinfront% thedirection .
.-
Imadof
removed
.
.
4000gramsfailed to sqpratetwo .-
andthecrystalswereallowedtostand@ .. ._
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airovernightfor16hours.When
wereseparatedin oneinstanceat
andintheotherinstanceat2210
9
theloadwasagainapplied,thecrystals
1170grams(coefficientoffriction,29)
grams(coefficient,55). In anothercase
inan atmosphereofhydrogenthe@O-gram loadwasremovedandthenimmedi-
atelyappliedagain.Thecrystalsdidnotseparate.Whenthecrystalswere
separatedby pting afterstandinginah overnight,it couldbe seen
underthemicroscopethatdeepchunkshadbeenrsmovedfromtheinitial
partof thescratchonthelowercrystalendseveralerd.lerchunkshad
beenremovedfartheralongthescratch.Thesidesofthepitsformed
appearedtobe stepwisefacets,but“thexactplanescouldnotbe Identified.
In thecaseof the(ill)faceswell-definedsliplineswerevisible
underthemicroscope,buttheywereW no wayEMpromLhentas inthecase
ofthe(100)faces,In compariscmwithpairsof (lDO)facestherewasvery
littletendencytodigin. With(lJ.1)facesthescratchon the,lower
orystalwasgenerallycontinuousat thebeginningbuttowrd theendcon-
sistedofa numiberofparalleltracks,eachonecomposedofa multitudeat
small,regularlyspacedindentationsorpointsof contact,t~icalof
stick-slipmotion.
A fewmeasurementsweremadewithpolyc&YstaLlinespheres,andvaluea
intermediateb tweenthehighvaluesfor(100)facesandthelowvaluesfor
(11.1)faceswereobtainecle
Crystals Coefficientoffriction
Polycry8talline 1430 35l7
Polycrystalline 1690 42.2
Polycrystalline 2240 56.0
Polycrystalline 1790 44.7
Yolycrystalline 1960 49lo
&
Sliplineswerevisibleonlyon @sins inthe-diate vicinityof the
edgeof thescratch.Thelinesendedabruptlyat thegrainboundarywhere
theyintersecteda ~ain of differentcmientation.On thelowersphere
thetrackwaacontinuous,amdthet~dencYb digin aPPe~edh be
intermediateo thatwithpairsof (100)andpairsof (Ill)faces.Within
a smallgrainitwasoftenobservedthattinychunkshadbeenremovedfi?cm
thesurfaceandsmallsteptisefacetscouldbe seeninthegroove.
Thefollowingtwosetsofexperimentswereperfcmmedinorderto
detezminetheinfluenceof oxidationontheadhesionbetweencrystals.
staticfrictionbetweencn StdS ofidized inafrafterbein~heated
1~ contactinhvdro~en.-Thecrystalswereheatedin contacto500°to
520°inhydrogenandheldat thistemperaturefor15mfnutes.M%er
coolingto 300°thehydrogenwasreplacedbyairandthesystemwasCO01L%3
toroomtemperatureovera periodof 30minutes.Thefollowingresults
wereobtained:
NACATN No.lkfh .
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Crystals (g) Coefficientoffriction
(1.00)-(103) 510 12.7
(3.11)–(111) lp=jo 11.2
k J
Staticfriction?)etweencrystalsreducedwithhYdroi@nafterlein~
oxidizedin-airat2500.-Thecrystalswereoxidizedinairat250°
untiltheoxidethicbessonthefaceunderconsideration,ah Judgedby
theinterferenceolor,wasabout1000A. Thecrystalswerecooledb
roomtemperature,@aced incontact,andthenheatedinhydrogen
at~OO. Thefollowingresultswereobtained:
CTfat&le 1(R] Coefficientoffriction
(loo)-(loo) over4000
(111)=(111)
Over100
810 20
~BIE=L~xJ ~th a MSU3JLe
ofnull.- In
orderto .remo-w my possibilityofdigging-induetoa downwardcomponent
ofthepullactingnormallyto thesurface,thelowercrystalwasinclined
in itssupportsothattheflatfacemadea forwardangleof25°to 30°
downwa~dfromthedirectionofpull.Thecrystalswereplacedincontact,
heatedinhydrogen,endcooledinhy?irogento roomtemperature.Various
combinationsof’crystalfaceswerwused.Thsfollowingresultswere
obtained.:
C@staln Coefficientoffriction
(1OC})-(1OO) 1020 25.5
(1OCI)-(MO) 1220
(112)-(111)
30.5
yxl 12.5
(m)-(m) 910 22.7
(lot’)-(111) 4843 12.0
I
In orderto aidinthein’terpmtationoftheresultsobtainedfor
staticfriction,a fewexperimmtswerecarriedouttodeterdnethe
generalorderofma~itudeoftheverticalforcerequiredto seperate
crystalsplacedincontactundervariousconditions.In usingthese
measurementso interpretheresultsforstaticfriction,allowsnce
shouldbemadeforthefactthatthetotalweightpressingthecrystsls
togetherin theseexperimentswas75grams,whereastheeffectiveweight
inthefrictione~rimentswas@ grams.
VertQ&L forcereauiredt eewaratetwocrY&&L10Dlacedin
~.- Thecrystalswereele~trolytical.lypolis~d,washed”in%te~~t
ont
driedinair,andimmediatelyplacedincontactintheapparatushown
infigure2. As wouldbe expected,therewasno detectableadherence
eitherbetween(100)facesor (111)faces.
‘
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Vertlc~or e re@red to seusxac te twocrs@gJ$lDlncedin ontact
afterbeiruzhe tedinhtiro~na .-Zn orderto removetheimvisibl~films
of oxide,thecrystalswereheatedaparth hydrogenat 500°to 520°for
15 minutes.Thecrystd.swereplacedincontaoteftercoolingto the
desiredtemperatureandtheverticalforoerequired.toseparatethem
wasdeterminedatroomtemperature.Thefollowingresultswereobtained
whenthecrystalswereplaoedh contactatroomtemperature:
Estimated
crystals (1!?) areaofcontact(Sqmm) “
(1OO)+XX 100 Approximately0.003
(UL)<lll) 120 Approximately0.003
Thefollowlngresultswereobtainedwhenthecrystalswereplacedin
contactat 300°andthe measurementwasmadeat-roomtemperature:
.
Calculated Calculated
Crystals (8) axeaofcontact slmmgth(Sqmm) (lb/sqin.)
(100)-(100) 350 0.010
(W)-(W)
48,8oo
360 .011 45,200
SMD lineswereobservedwhenthecmstalswereulacedinccmtaotat
. I-m&300°androomtemperature.The-lineswere%re intenseinthe
formr case.
Tertic&forcerecltirea.to senxzraet twocr.m3t&snlaoedYnconac%t
beforebeim heatedinlu?dvoaenat Cjooo._Thefollowingmasure~nts
werereadsf’tertb systembadcooledto.roomtemperature.
-.
12 “&CA~ No.
Crystah! -1 Estimated(13) =wa ofcontact(Sqmm) Calculatedstrength(lb/sqin.)
(100)-(100)
(;:]4:]I i1.00) MO)100)-(100)1.00)-(100)
1550 0.046
1910 l 054
1240 .032 ‘
1300 ----
1120 ----
17& .049
47,500
50,000
54,w----
(U1)-(IL1) 1490 l 04’5 . 47,m
(11.1)-(111) 1200 .036 48,300
(Ill)-(m) :&& ---- ----
(111)-(111) ---- ----
(lu)-(111) 1060 .031 48,CQ0
jlvera~ I 1370 I I 48,000
.:,- -+-:
...—
—.lifjl .
I
.I
h exprimntswith(100)faces,sliplineswhichintersectedaoh
otherat 90°oouldbe seenunderthemicroscopeadjaoentothepointof
contact,andwith(ill) faces,linesintersectingeachotherat--600could
be seen.ThelineswereMO= strikingintheseexperimmtswhenthecrystals ,
wereheatedincontactinQ&rogenat-~“ thaninthosewhentheywere
plaoedincontactat 300°orroomtemperature.In severalcasesthedi+
ruptedmaterfalat thepointsofcontactonthe(100)facesshowedstepwise
facetsshilartothoseobservedinfrictionuasurmmntsonthe(100)faoes. “
VQ@al forcereauired to ~wa te twocrmtalswhichwerefirst
th n Dlace&Jnconaotandheaed int t itrmm at 5ooo.-
elec%olyticaLlypolished,washedinwater,‘driedin
air,sndimmediatelyplaoedincontaotintheapparatus.Itcanbe assured
thatan invisiblefilmof OXidSformedontheCryStdduringthistim.
Thecrystalswereheatedat ~“ to 520°for15minutesinanatmosphere
ofnitroggnfromwhichoxygenhadbeenzxmmvedby passingoverhotcopper.
Theappsxatuswasthencooledto roomtemperatureandthe following
masumm:ntsmade:
Estimated Calculated
crystals (%) areaofcontaot strength(Sqnun) (lb/sqin.)
(100)-(100) ’520 0.017 41,800
(111.)-(111) 580 .018 42,000
. .
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Thecrystalswereheatedh airat 200°untiloxidefilmsof a
thicbessofapproximately~ A hadformedonthefacesconcerned.
TheywereplacedIncontactintheapparatusandno adhesionbetween
thecrystalawasobtained.Theywerethenheatedincontactin
ni’crogenat ~0° to 5200for15minutes,cooledtoroomtemperature,
andthefollowingmeasurementsmade. Duringtheheatinginnitrogen
muchof thecolordueto theoxidefilmdisappeardlandthesurface
becameroughened.
--
I 1 t
crystals IliLl Est5mated(e) areaofcontact
I (100)-(100) I Notcontinuous(1.11)-(111) Notcontinuous
h orderto deterdmetheinfluenceofheatsloneonthinoxidefilms,
a crystalwhichhadbeentreatedh airto fomna strikingcolorpattern
washeatedina vacuumat about1+ millinmterofmercuryfor30tiutes.
Theinterferenceolorpatternwasconvertedto a pattevnofroughend
smoothregions.A faintreddishdepositcouldbe seenonthewallsofthe
vessel;thisindioatedthatevaporationftheoxidehadtakenplace.How-
ever,itisnotbelievedthatevaporationtookplaceinnitrogenatatmos-
phericpressure,butthatthelossof oxideinthiscasewasdusto slight
solutioninthscopper.
INFLUENCEOF SURROUNDINGATMOSPHEREONWEAR
BEZWEENTWODRYlX)LYCRYSl?AIUNESUKFACES
MethodofE~rimnt
Theessentialpartsoftheapparatususedinthesestudiesareshown
infigure3. Thecylindrical steelrotorA, 1 inchindiau&erend1 inch
h length,wasfittedtightlyby mans ofen arborpressontosteelshaftB,
1/2inchindb,mterend15 inchesin lengbh.TheupperendoftheshaftB
washeldinthechuckofa drillpressC andthespeedofthepresswas
controlledby varytnga resistanceW serieswiththeamaturewindings
of a direct-currentmotor.ThecoppersphereD washeldinthesteel
yokeE by twosetscrews.Thespherewaspressedagainstherotor
witha knownforceby mans ofa specialT-balance.TheyokeE was
permanentlysawmedhtaa3-inchsteelrodF whichpassedoutof’the
glassvesselMuxmghthebrasssleeveG. TheCIQSS~ H wassilvel~oldered
to thebrasssleeveG, andweightswereappliedto a balancepan-atJ.
Counterweightswereappltedto theotherendofthecrossarmto compensate
fortheweightofthebalance.ThesidearmK, at a ri~t enaletothe
pianoof the paperandshownas a
accuratelymachined.bra~sbearl.ng
aboutanaxisata rightangleto
circleonthedfiegam~fitti-dthroughen
sothatthewholesystemDEFGHrotated
theplaneofthepaper.Therotorand
..” —
:.. : --=:
m
—---—
.-
—
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crystal wereenclosedina @ass vesselhavingtwolar~enecksL, a gas
inlettubeM, and.8 glaseoutlet”ubeN. Thetworubberstoppersat the
topofthenecksL weremadeofneoprene.A gas-tightsealwasnd.ntained
aroundtherevolvingshaftB bymeansofa rubbertubewhicQ,f3tted.over.
theshaftandthebrasssleeveas showninthediagram.Thebeeringsur-
facebetweentheshaftandrubbertubewaslightlylubr~cetedwithDow
Corningsiliconestopcock&ease. TherodF passedthroughe brasssleeve
intherubberstopper,and.thejointwasmde vacuumtightby slippfwa
pieceofrubkertubingoverthebrasssleevenda larp~steelringsilver-
solderedto therodF. Therewassufficientcleerancewithinthebrass
sleevefor‘therodF tomovebackandforthsothatthesyhere.couldbe
brought-intocontactwiththerotorormovedabout1 centimeterawayfrom
itwithoutcontactbetweentherodF andthebrasssleeve.
Duringthecomse ofa seriesof experimentsitwasnecesserytochange
‘thebearingsurfaceofthecopperspherewithoutexposingthesystemto the
air. T’MsTrocedurewasaccomplishedbymeansofthe~-inch-diameter
steelwireP, whichwasattachedto theshaftofthecoppersphereD and
passedthrou@therubberstopperatthetopoftheglassneckL. By
raisingw loweringthewirea newpositiononthespherecouldbeobtained.
Thewirewanlubricatedwithsiliconegreaseat thepointwhereitpassed
throughthestopper.Theabilityofa12thejoin% tomaintaina vacuum
wasahownby thefactthatwhenthesystemwascompletelyevacuatedwitha
Hyvacpumpandthepumpwasshutofffromthesystem,a pressureofJess
than1 millimeterofmercurywasmaintainedforover15minutes.All
rubbertubingwasheatedinboiling15-percentpotassiumhydroxide
Soluticxl.
Theglassapparatusup toabout6 inchesbelowtherubberstoppers
washeatedby a resistancefurnace,thefrontofwhichcontainedtwo
ports,oneforobservationa danotherfora spotlight.Theinterior
wallsof thefurnacewerecoatedwithasbestosheet,anda 100-watt
pro~ectionlamTwasmountedovera ~ex glasswindowintheroofofthe
furnace.Thelaw wasarrangedsothatthelightwasreflectedoffthe
%hitewallsto givediffuseillumination.Thetemperaturewasmeasured
witha nitrogen-fi~edmercurythermometer.Thechuckofthe&ilLpress
andtheusperendsoftheglassnecksL werecooledwithrapidstreamsof
air.
.
—.
Commercialtankhydrogenwaspurifedbypassageovercopperwireheated
to450°,calciumchlaride,Dehydrite,andAecar3te.Thenitrogen-oxygen
mixtureswerepreparedfromwater-pumpedtanknitrogenandtankoxygenah
%wrestoredoverwaterin glassvessels.Themixturewaspurifiedby
passageovercalciumchloride,Dehydrite,andAscari.te.
Thecopperspheresusedintheexperimentswerepolycrystallinea d
weremechanicallyandelectrolyticallypolishedina mannersi@ar to
thatusedforthesinglecrystals.ThesteelrotorwascopperplRtedand -
surfacedClo%ntothedesiredthicknessinthefollowlngmanner.Therot~
- .-
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wasmechanically
thediemeterwas
Afterthoroughly
polishedwithnumber000metallog~phic
measuredatnineseparatepointswitha
decreasingh alcohol,ether,andwater,
15
emezypaperand
micrometer=.
a preliminary
copperstrikewasmadefroma bathhavbg the-composition,22 grsms
of cuprouscyanide,38gramsof sodiumcyanide,and15gramsof &odium
carbonateperliterofsolution.Thecopperwaaplatedat a temperature
of45° to 48° at a currentdensityof0.3to 1.5amperespersquare
decimeterfor10 to20minutes.Therotorwas washed freeof solvent
andgivena heavierplatefroman acidsulphatebathcontaining
202.5gramsofhydratedco~persulphatemd48.8 gramsof sulphuricacid
perliterofsolution.Thebathwasoperatedat 45° to 48° at a current
densityof2 to 4 smperespersquaredecimeterfor1 to 3 hours,the
conditionsdependingon thedesiredthlclmess.Therotorwasthen
mechanical.lypolishedwithmeta120graphicemerypapersnumbers1 to 0000
andelectrol@icallypolisheduntilthefinaldesiredthichessad
surfacefinishwereobtained.
Thegeneralprocedureinmakingan experimentwasas follows.The
crystalaudrotorwereaanealedinhydrogenat @O” foraboutanhour
andthesystemwasthencooledto thetemperatureatwhichtherunwaa
tohe made. Betweenrunsthedrill-presschuckwasmovedup or downto
changethepositionofcontactatwhichthespherepressedagainsthe
rotor,andthepointof contacton thespherewaschangedby pullingor ,
pushingonthewireP. Thusnewsurfacescouldbe rapidlyobtained
withoutiterruptingtheqeriment or Inanywayopeningup thesystem
totheair. Wearwasmeasuredby notingthetimenecess~ forthe
firstappearmceof thesteelon therotorandtherateatwhichthe
steelsurfaceincreased.A cruaeestimationof frictioncouldbe
obtatiedby notingthedeflectionofthesteelrodF holdingthesphere.
Results
Theapparatuswasheatedforanhourat 420°inem atmosphereof
hydrogento insurecompletereductionofanyoxide.Thetemperature
wasthenloweredto thedesiredpointandtheexperimentswerecarried
outinhydrogenor a mixtureofnitrogenandoxygen.Althoughthis
sectionhasbeenplacedinthepresentorderinthisreportforpurposes
ofpropersequenceinpresentation,theseexperimentswerethelastto
be conducted,andithasbeenpossibleto completeonlyexperiments
at 300°.Thevaluesofreportedthrustaretheforcespressingthetwo
surfacestogether.
In an atmosphereofhydrogen.-Whena thrustof200gramswas
applied,thespherefimnl.yadheredto therotor-Whentherotorwas
slowlyturnedby hand,thespherewascarriedalongwiththerotorand
theshaftwasbenttoan extentwhichwaslaterfoundtorequirea force
inexcessof.3000grams.& ordertobreaktheweldItwasnecessaqto
pull.perpendicukrlJto thestiace. A chunkof copper,thesizeof the
‘&eaof contact,wasfound
weldedsnditcould~t be
contact.
adheringto
scrapedoff
thesphere.Thechunkwasfirmly
alongtheoriginalineof
—. ..... . --
.—
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SimilarwildingoccurredwithtJmustsas low 8S 30 W-S but ~e~ow30 n~ .
theweldwasy.suallybrokenby therestoringforceofthesteelshaft.With
thrustsas lowas 1/2gramweldingandsubsequenttearingoftherotm sw -
faceoccurred.
A thrustof1/2gramms applied,therotorturnedseveraltimes,ati
badlytornsurfaceswereproducedonboththesphereand..therotor.The
loadwasremovedandthebalancesoadjustedthatthesphereclearedthe
surfaceoftherotorbya small amount. As therotorwasturned,som of
theprojectionsfromthetornsurfacestouchedaidadheredso thatthe
spherewascarriedaroundwiththerotorfora shortdistancebeforedis-
engaging.hitialrou@nessinthisexperimentwasnota factorineither
frictioncmwearas theelectrolyticallypolishedeurfaceswerevery
smooth. 13ecauseofweldingandtearing,however,thesurfacesrapidly
becameroughened.Theparticlesof copperemovedfromtheonesurface
andweldedto theotherweresometimes#milJ.imeterhigh,andas therotor
continuedtoturntheroughnessofthesurfacewasincreased.
By utilizinga copperthickaessonthe rotorof0.0015inch,a rotor
speedof ~ rpm,anda thrustof.2grams,itrequired1 minuteand50 sec-
ondsforthefirstbitof steeltoappearand35minutesto expose
0.031squareinchof steel.,Witha thrustof15 gramsin oneinstanceit
required5 secondsto e~osetheffistsignsof steeland~ minutesto
e~oseO~OZ squareinch.h anotherinstanceitrequfred.10 secondsto
e~ose steeland4 minutesto expose0,009squareimchof steel.Itwas
impossibletomakequantitativerunsathigherthrustsbecauseofthe severe ‘
seizingah’eadydiscussed.At thecompletfcmofa runthesteelwasexposed
in largeereasratherthanina continuouswearstreak.Throughoutanyrun .
thespherecontinuallyadheredtotherotorandbenttheshaftconsiderably
beforetheweldwaebroken.Severe~oltingandvibrationoftheentire
apparatus%@stheoutstandingcharacteristicofaILrunsmadeinhydrogen.
z~ anatuos~hereof mrte of rlttroaena d1 Partof OXYJZen.-
Afterseveralrunshadbeenperformedinan atmosphereofhydrogen,the
hydrogenwasevacuatedanda mixtureof 500partsofnitrogenand1 part
ofoxygenwasadmittedandcontinuouslypassedthroughthesystemduring
therun. Thesphereandrotorslowlyoxidizedthroughouttheexperiment
withthedevelo~ntof oxidationcolors.
Withthrustsbelow150gramsno gallingoradhesicmwasobservedand
—.
thesphererodealongsmoothlywithoutsngvibrati~of theshafb.The
surfacesmatedwiththedevelopmentofonlya verysli@htroughness.With
a thrusto: 150~ams therewasintermittentlightstickingbetweenthe
sphereandrotorbutnonoticeableincreaseinroughness.Thepresenceof
theoxidecolorfilmsande.differenceintheextent.ofoxidationof the
wearstrealcandtheremainderof therotormadeitdifficultodistinguish
thefirstappearanceof steel.Thefollowingprocedurewasadoptedto
determineaccuratelywhenwear-throughhadoccurred.A seriesof separata
runsondifferent
increasingtimes.
wasplacedinthe
portionsof thesp~ereandrotorwasmadeforsucc~ssively .
At thecompletionoftinexperiment,1:1nitricacid,
wearstreaksandat oncemshed off. Theacidremoved
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theoxideanda ne@igibleamountofcopper:andthedifferencein color
betweenthesteelandcopperwasveryap~ent. By utilizingthistechnique
itwasfoundthatfora copperthicknessof0.0015inch,a rotorspeedof
~ rpm,and.a~ust of 15 grams,%hewear-throu@occurredbetween$Kla~
19 minutes,andafter190minutesonly0.006squareinchofsteelwas
e~osed. Thesharpcontmstbetweentheratesofwearinhydrogenandthe
diluteo~genroixb.reisstrikinglybroughtoutwhenthevaluesof5 seconds
andoverW minutesarecompared.
INFL~CE CE’CRYSIALPIANEONWEARTHROUGHAF132KCIFLEAD
BYA COPPERCEWSTALROUG3ENIDBYl?JxRmGlxm!FmscMnD
MethodofExperiment
An apparatuswasconstructedtiichwascapableofmeasuringtheratea
ofwearbetweena singlecrystalpphereofa hardmetalandtheplated
surfaceofa softmetalundercontrolledconMtionsof thrust,speed,tem-
perature,and.liquid.A diagramoftheapparatusisshownInfigure4.
Thecylindricallead-platedcopperotorA, @ inchesindiameterand1 inch2
in length,was fittedtightlybymeansof anarborpressontoan accurately
alinedeteelshaftB, 1/2inchindiameterby~ inchesinlength.During
an experimenttheshaftB washeldin thechuckoftillLpressC andthe
speedwascontrolledby drivingthepresswitha direct-currentmotorcon-
taininga variableresistanceinserieswiththearmaturewindings.The
singlecrystalsphereD washe~ InthesteelyokeE andpressedagainst
therevolvingrotorA witha knownforce.Theapplicationfthehewn
Tortewasachievedbyhavingtheyokeserveas thestemofa T-s’haped
balance,thefulcrumof~ch wasat thecrossof theT. Weightswere
addedtoa balancepanF, whichwasconnectedto oneendofthecrosssmnH
bymeansofa springG, andthethrustat thepointsof contactwas
calculated.TheotherendofthecrossarmH wasloadedwitha counter-
weightJ in oraertobalancetheweightsofthebalancepanF andthe
spring.G In practiceitwasfoundthatat lowloadsthebalancewas
sensitivetoweightchangesofabout0.1gram.ThesystemofyokeE and
rotorA wasimmersedin oilcontainedina @O%nilliliterbeaker.
Relativeratesofwearweredeterminedas follows:Thecoyyerotor
wasplatedwithlead,thecoppercrystalwaspressedagainstherevolvi~
rotorwitha Mmownthrust,andthewearstreakwasinvestigatedti_tha
magnifyinglensora microscopewitha magnificationf 60 situatedoutside
thecontainingvessel.Thefirstsignsof thecopperbasismehl on the
rotorwereobservedandtheincreaseinareaof expasedcopperwithtimewa&
estimatedwiththeaidofa cop~erulerplacedinthesolutionalon.wide
therotor.
TheleadplatingsolutionwaspreparedfromcommercialHarshawlead
fluoborateplatin~solution,concentration-66Bam andspecification-1069
—------
. ...=-
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Theactualbathusedcontained239millilitersof thecommerciallead
platingsolution,761mi.llilitersofwaterand0.38gramo~-LePa~’sliquid .
glue.Therotorwaspreparedforplatingbypolishingwithmetallographic
emerypapernumber0000anddegreasin~thesurfacewtthalcohol,ether,
andwater.Theplatingcellwasa cylindricalg assdishan~a cylindrical
leadanode,2 inchesremovedfromthesidesoftherotor.Thebathwas
operatedat2 amperespersquaredectiteranda potentialofapproximately
0.5voltfor10minutes.Theestimatedthicknessoftheccetwasapproxi-
mately0.0005inch. lhanyoneseriesofrunsthethicknesswasccmstant
sincethesameplatewasusedformamymeasurementsby simplyraisingor
loweringthehei@t ofthechuckofthedrillpress.Theplatingconditions
werealwaysthesamesothatdirectcomparisonsbetweenrungcouJ-@be.nwle=
A uniformrateofrevolutionof77rpmwasusedinalle~ertients.This
—
rateccmrespcmdsto a I.lnearvelocityof3& inchesperminute.
Becauseof itssimplicityheapparatusshowninfigurek-wasvery
satisfacttxryfar3nitialexploratoryexperimentso deterdnethemost
satisfactoryconditionsofplatingthickness,speedofrevolution,and
thrust.However,itwasfoundthattheapparatushcnminfigure5 and
describedunderlI@LUENCEC@SURROUNDINGATMOSPHEREONWEARTEROUIHAFXIM
CTLEADBYA COPPERSHZEREwasmuchmoresatisfactoryforallexperiments
especiallythoseconductedwiththrustsofabout2000grams.Bothtypes
ofapparatusgavesimilaresults.
Results
IthasbeenshowninNACATN No.982tlhatdifferentplanesofa copper<
.
singlecrystalarerou@ened–todifferentextentsuponetchfnginstearic
acidandairat2000.As a preliminarystepto studyingtheeffectof \
crystalplaneunderconditionsof simultaneousetchingandwearingaction,
it wasdectdedtodeterminefirsttheeffectof crystalplaneunderwear
conditionsInan inertmedi~ afterpreviewetchingin stearicacid.A
mane?”singlecrystalwasmechanicallyandelectrolyticallypolishedand
etchedin stearicacidandairat I@” for10houm by alternately
raisingthecrystalabovethelevelofthellcfufdandloweringi-tbelow
thesurfaceata rateof15 timesperminute.At theendof thistimethe
crystalexhibitedexcellentpreferentialro@ening ofthesurface.The
(110)regionswereveryrou@ andconsistedofa seriesofridgeswhich
resembledthesurfaceofa file,whereasthe(Ill)regionswerealmostas
brightandsmoothas theoriginalelectropolishedsurfacesSeveral
crystalspreparedinan identicalmannerwereusedintheexperimentsand
allgavesimilaresults. ,
Durfngthecourseofdetem.uiningthemostsuitablethicknessof
electrodepoaitedl adandtheproperspeedof therotor,manyqualitative
experimentswereconducted.In allexperiments‘therough(110)facewore
throughtothecopperbasismetalata muchgreateratethanthesmooth
(Ill)face.Onlya fewconditionswereusedforquantitativem asurements.
Theseremitswerecheckedseveraltimesandaregivenin tableII.
.-
.=
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TABLEII
EFFE!3!OF CRY’SWLPLANEOFA COPHERCRYHTALPREVIOUSLYETCHED
INEWEKRICAClDAND~A21@0 ONRATECIFWEARTlE10tX2HA
LAYERal?EcwTRoDEPosm m m ImiERALOm!mlm
T3menecessaryforfirstsigns
of coppertoappear
200 3600 15to20
400 MO to 240 ----
200Q 20 to 35 ltos
Therateatwhichthecopperbasismetalws expose~isshownin
figure6 for a thrust of 2000e.
Theleadwearingsurfaceundera thrustof200to2000gramsrapidly
becamediscoloredandpassedthrou@thecolorsred,blue,purple,and
graywhenthesmooth(lJ-l)facewasbearingagainstit. A continualcloud
. oftinyblackparticlespouredfrcnnthewsarstreakandthemineraloil
soonbecamequitemurky.~ thecaeeofthe(1.10)faceathighloads
thecopperworethroughtheleadsorapidlythatno signsofdiscoloration
werevisibleonthelead.Howeverwiththrustsofabout100to200~81ns
a similartarnishing of thelead. wearingsurfacewas
INFLUENCECIE’SUR130UNDINI!UhfO=’IIZIWONWEAR
AFIIMOF IEADBYA COPFIZRSll=RE
MethcdofNxperimant
noted.
mow
A diagramof theapparatususedformeasuringwearina controlbd
atmosphereisshowninfigure5. The containingvesselA wasa 600-
milliliterbeaker,thelipofwhichhadbeenrammedby meansof a
glasscuttingwheel.“Thecopper otorB, # inchesindiameterand
1 inchinlength,wasfittedtightlyhy me- ofan arlorpressonto
a steelshaftC, 1/2inchh diameterand7 inchesin length.The
steelshaftC passedthrougha sleeveinthelargerub%erstoyperD
andwasattachedto thechuckofa drl~ pressE. A gas-tightfitwas
obtainedat thelearingsurfaceby slippinga smallpieceofmibber
tubingF overthesleeveandshaftandlubricatingtheturningsurface
withsiliconegrease.ThecoppersphereG wasclampedintheyokeH
bymeansoftwosetscrewswhichfittedinto-11 holesinthe
..
*S
.
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crystal.Thelong,@rich-diametersidearmJ totheyokeH fittedthrough
thelong,tight-fittingsleeveK, andtheheightof thecrystalwasregulated
bymeansofthesetscrewringL. Theforcewithwhichthespherepressed
againstherotorwasadjustedby varyingtheloadM. Theforcewasapplied
toa sidearm,shown& the&Lagramas a dashedcticleatthetopofthe
shaftJ. Gasenteredthe.vesselthroughN, passedthroughtheliquldand
outthroupbP. Airwaspreventedfrandiffusingbackintothesystemby
operatingundera sli@tpositive.pressurel In ordertoprotectherubber
stopperfrantheactionoftheoil,itwaspaintedwithDowCornhgDC 933
hightemperatureinsulatingvaxdshandcuredforseveraldaysslightly
below100o.
Dissolvedo~genwasremovedframthewhitemineraloilbyheatingthe
oilto lb” andbubbllnghydrogenthroughtheIlquid.A slowstreamof
hydrogenwaspassedthroughthesystemuntiltheoilwastransferredto
theapparatusl F&iortoan exper-nt itwasnecesszuryto exposetheoil
to theairduringtheprocessofpourimgtheoilfromanErlenmeyerflask
intotheapparatus.Theoil.wasslowlypoureddownthesidesofthevessel
topreventundueadmixturewiththeairby splashing,andthesystemwas
immediate~yflushedouttithhydrogen.
Therotorwasrd.atedwithleadinthesamemanneras describedmder
=UENCE U!?CRYS2fi
CRYSTALROUGHENEDBY
approximatedy O.00@
PIANEONWEARTHROUGHAFILMCIE’LEADBYACOPI!ER
lm!clmwm~c
inchandtherotor
ACRI.Thethicknessof
wasoperatedat~ rpm.
leadwas
.
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Results
ElectroWically u015shedDOzVm sta2J.lnestiere.- Inah therate
ofwwarunderallthrustswasquiteslow,varyingh therangeof20 to
35minutesfor the first appearanceof copperundera thrustof2000grams
to 3 to k hoursmder a thrustofWO gramswhereasno signsof copperwere
visibleafter6 hoursat200.grams.At thecommencementofa rynthe
spherepushedasidesomeleadtoforma smooth,cleanleadwearstreak,but
tithin1 mintiethestreakhadbeccmediscolmwdandtheleadwearingsw
facepassedthroughthecolorsred,blue,andpurpleandfinallyassuned
a darkgrayto-blackcolor.Duringthecourseoftherunthecopperode
onthecolcrredsurfaceanda continualcloudoftinyblackpartfclespoured
fra thewEarstreak.Afterscanstimea tinyspotofcopperappearednear
thecenterandthespotgrewintoa fairlyevenfinelineofexposed
copperwhichranti aroundtherotor.ThestreakwouldgeneraUywiden
withcontinuedmar. In saneinstancestheWocesswasnotquiteso
simpleandthefirstfewspotsofe~osedcopperontherotorwereemeereil
overwithleadon subsequentrevolutionsl
h hydro~eno coloredfilmsfinnedonthewearstreakdur~ the
experiments.Thefirst--signsofcopperwerevisibleinabout30seconds-
undera thr”~tof2000gramsandinabout1 to2 minutesundera thrus”tof .
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@() grams.In lessthan1 minuteafterthefirstSi=s ofcopperwere
.
vtsible,theentirewearstreakcontaineda smalllineof exposeitcopper.
Theresultshowingtheeffectofatmosphereon therateofwearare
listedIntableIII. Therateofwearofthelead-platedrotorbyan
electrol@icall.ypolishedcoppersphereunder different conditionsofloai
andatmosphereis shm infigwe 7. Theresultsalsoapplyto therates
ofwearofa (W) faceof copperpreviouslyetchedin stearicacid,since
theetched(ill)faceandan elec&o&ticaUypo~shedswfacegave
identicalresults.
PLA!i!EBY COPPER~WH31?EMINERALOIIJ
Minutesnecessaxyto give
Wearingstiace (g) firstSi$alof exposedcomerInair Zn hydrogen
Polishedpolycrystalline 200 Greaterthan3600 ------
Polishedpolycrystalline lm to240 lto2
Polishedpolycrystalline 2000 20 to 35 0.5
~om EKFERIMENTS
=luence ofCrystalPlaneonRecrystaUization
d=ingHeatingandRapidCooling
.
An elec~olyticddypolishedcrystalofcopperwasheatedto an
cmange-redcol~ intheofidizingf_ ofa bunsenburnerandimmediately
droppedthrougha heightof2 feetintoen 8-inchcolumnofwater.The
crystalwascoveredwitha thinblackcoatingwhichscaledoffin irregular
spotssAfterstenMngatroantemperatureforh(lhems, itws mschani-
ca12ypolishedandthenelec&ol@icsllypolishedfor20mhutes. It=6
elec~ol.yticallyetchedfor5 minutesandthecmtanaryetchpatternwas
obtdnedexcepttkwttmanysmallcrystalshadformedh squarere@onsat
eachofthe(I-00)poles.At thisdepthofetch- no smallcrystalswere
visibleh theotherregionsl Thecrystalwassawedinhalfbymeansof
a Jeweler *s saw and the flatwasmechani.ca12Y
. polished,and.
scope,itwas
1 IIIillhleta’.
.
electrolyticallyetched.After
est-ted thatthepolycrystals
pol&shed,electrolytically
inspection@er themlcro-
extendedto a depthofaboub
.L,; .—...,-.
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-_
22 l’?JICATN No.1461 —..
EffectofSunlightonAtmospheric
.
TarnishingofCopperCrystals
-..
Severalexperimentswereconductedontheatmospherictarnishingof
coppersinglecrystalsinthepresenceandabs~ceof directsunli@ t. Tho
resultsmaybe brieflysumarizedasfollows.
Advanced.preferential.tarnishfilmsformedin3 to k dayswhen
crystalsweresuspendedIndirectsunlightoutsidethelaboratorywindow.
Previousanneallnginhydrogenat 550°hadno appreciableeffecton the
rate.Tarnishingalwaysoccurredmostrapidlyonthesideofthesphere
whichwase~osedtothedirectsunlight.A crystalsuspendedinthe
laboratorywithno accessto directsunlightarnishectin@ daystothe
sameextentas orystalsexposedto directsunlightin3 to4 days.The
tarnishfilmsformedpreferentiallywithcrystalplanebutby nomeansas
strikingas crystalsexposedtodirectsunllght.Crystalse~oE?edto sun-
lightbehfnda paneofglasseitherInsidethelaboratwyor outsidethe
laboratorywindowtarnishedina verypreferentialmmner andat a rate
tiichwasintermediateb tweentarnishingindirectsunlightandtarnishin~
withno accessto directst.ml-i@t.
DISC US SIONOFRE SULTS
Thisdiscussionshouldbeconsideredfrcmtheviewpointoffirst
obtaininginformation themostelementarysystemandthenworklng
towardsystemsof increasingcomplexity.
SIWTICFRICTION
.-
.
.-
Thecoefficientof staticfrictionbetwwnmetalsinalr1sgenerally
below1. ShawandLeavey(reference2) obta.[nedcoefficientsofstatic
frictionashighas2.3forcopperand3.1foraluminumwhenthemctala
wereannealedina vacuumandthemeasurementscerrledoutina vacuum.
HelmandStormer(reference3)foundthatpowerfuladhesionoccurred
betweenmetalsheatedtoa high‘temperatureh a goodvacuum.The
adhesionWBS maintainedinthepresenceofa rare@s, hydro~cn,and
rd.tro~en,butdisappearedon theintroductionfOxya%n.Bomlenand
Hugheq(referencek) obtainedcoefficientsofdynamicf’rlcticnnom 5 for
metalsheatedtoa.hightemperatureina goodvac-uum.Thehtghestvalue
was30,whichwasobtainedforGoldsltdin~on goldat 600°.
.
‘Jhen(mecrystilspherestandinginairwaspl~cedincontactwith
another,thecoefficientofstaticfrictionwaabelow1 andonlya very
faintscra’:chouldbe seenontheloworsurface.Apparentlybhetop
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rode along on
wasobtained.
attemptingto
a filmof oxideandno a~ecia’bl.e
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metal-to-metal
measureflmlctionbetmeenbaremetals,itshould%e
emphasizedthattheardinarymethodsof cleaninga surface-andheatingin
a vacumudonotremovetheprotectivelayerof otideunlesstheheath–gIs
carried.outata sufficientlyhigh-erature to causeevaporationf-
metal.Heatingh a vacuum aycame someoftheti~e to dissolvein
metalorto evapxatebuttieamountofoxideremainingcm thesurface
stillunknown.In factthereisno completelysatisfactcmyethodof
obtaininga cleanmetalsurfacefreeofbothoxideandadsorbedgas.
Thebestthatcanhe doneatpresentis toaplroachas closelyas
Tossibleto a cleanmn%ace,s~ecifyingthemethodofpreyaraHon-
takingintoconsiderationintheinterpretationtheyossilleinfluence
ofcontaminants.
the
is
Sincetheglassapparatususedinthefrictionmeamremmitsmustbe
openedfrequently for settingandrepd3shing the cryEItalaandsincethe
simplestmethodofapplyinga loadto thetopcrystalwasbymeansof a
shaftextendingthroughthew llsofthevessel,itwasnotattemptedto
carryoutthemeasurementsina highv&~ butthesimpleapparatusas
describedwasused. It ishopedto supplementlaterthepresentmeasure-
mentswiththosemadebetweensurf~ceswhichhave%eenheatedby electrical
inductionuntilevaporationfmetalis obtained.As previouslydescribed,
twomethodswereusedin obtainingan approachtometal-to-metalcontact.
Thefirstmethodconsistedinheatingthecrystals,notincontact,in
hydrogenat aboutxOO andthencooldmgtoroamtemperatureinhydrogen
andplacingin contact.It isassmedthatheatinginhydrogengivesan
oxide-fkeesurfaceandthathydrogendoesnotforma compoundwithcopper
butonlyan adsorbedfilm.Howeverit shouldbe emphasizedthatthe
exactchemicaleffectofhydrogenoncopper,or onanymetal,isnot
definite&established,especiallyas faras theinfluencewhichthe
ad-sorbedfilmhasonmetal-to-metalcontact.@ @$ whichcangivethe
highheatofadsorptionontungstenasfoundbyRoberts(reference5) and
thestrikingas-structureeffectsonnickelas foundbyDavisonand
Germer(reference6) in electrondiffractione~erimentshouldnotin
thefind analysisbe consideredan inertgasora8 one@dng a bare
metalsurface.In thisfhst methodtheoxideffi formedby standingin
airwasreduced,andthewatervaporproduced wascarried offinthe
excesshylrogenwhichwaspassedccmtinuouslythroughtheayparatus. The
finalsurfaceswerealwayscoveredwitha filmofhydrogen.?l’urthermore,
as thecrystalscooled owntoroomtemperature,beforeleingplacedin
contact,theirsurfacesmayhavebeensli@rblyoxidizedby oxygenfrom
twosources:(1)as an impurityb thehydrogenpm.ified%y passin~
overa lon’gtubeofhotcopper,and(2)fromdiffusionofa smallamount
ofairintotheapparatusthroughthesmall@ace %etweentheshaftand
theneckof theground-glassJoint.Diffuaionwasreducedtoa small
amountby havinga rapidstreamofhydrogenpassoutwardthrou@this
space.Anotherdifficultyinthismethodwasthevariationintheface
——
—
-..” -,...=
..:; ,~,
. .
~
24
, -.
.- ItqT..“TRNo.“ lM-i -, ___
.— -—.
withwhichthetwocrystalswereplacedincontact.However,withthis
method,thehorizontalpullrequiredtodisengagetwocrystalsplacedin
contactalongthe(100)facewason theaveragedefinitelyhigherthan
thatrequirella ongthe(Ill)f.ace. Thefailureto obtainsatisfactory
reproducibilitywasattributedto thepossibilityy ofslightoxidationand
to thevariationintheforcewithwhichthecrystalswereplacedin
contact.
In ordertoremovethepossibilityoftheformationofa thinotide
film,thetwocrystalswerefirstplacedin contact,thenheatedin
hydrogenandcooledtoroomtemperatureb forethemeasurementsweremade.
Thismethodhadthefurtheradvantagethatthetwocrystalswere~reesed
togetheralLwayswiththesameforce,equalto theweightof theupper
crystal,as thethinoxidefilmwasreduoedandmetal-to-metalcontact
established.Ithadthedisadvanta~eofplacinEthemetalsincontactat
~OOoat-thesametimethatreductiontookplace,therebygivingtheatoms
additionalmobilityandpossiblyincreasing‘teweldimgaction.However,
boththe(.100)and(Ill)facesre~eivedthesametreatmentso thatthe
resultshouldbe comparable.Furthermore,resultsofthesamecinderof
magnitudewereobtainedwhenthecrystalswereplacedtogetherafter
heatinginhydrogenandcoolingaswhenplacedtug%herbeforeheating
andcoolin~g,exceptthatin thehtter casetheresultsweremore.
reproducible.
A sourceofdifficultyinbothmethodswasthesettingofthetwo
crystalso thattheplaneof theflatfacecmthelowercrystalandthe
directimofpullwereaccuratelyInthehorizontalplane.Thedigging-
in is areatlyinfluencedby theforcenormaltn thesurface,andif the
directiona&pullissll@tlydownwardrelativetotheflatface,the
compmentcftheforcenormaltothefacetillbe appreciablewhenthe .-
totslpullisabove500grams.In thesemeaswementstheapparatuswasso
arrangedthatthedirectionofpullwassli@tlyupward,by anangleof
2° to 3°,totheflatsurface.
As shownjn tableI thecoefficientof staticfrictfonasdetermine&-
—
bythissecondmetho&wasover100fw pairsof (100)planesandapproti-
matel.y25 forpairsof (ill)planes.Thetermcoefficientoffriction
as usedhereinshouldbe qualifiedscmewhat,
—
sincetheprocessinthecase
of (100)facesseemsto=onsistof asv.eralconsecutivestepsasdescribed
inthefollowingexplanationfthereasonforthegreaterfrictionon
the (100)free.
It hasbeenlmownthatwhena coppersi
Y
crystalwasplacedunder
stifi.cientstress,slipoccurred.alongthe 111)plene%whicharethe
planeshavingthegreatestdezmityofatomsandareconsequentlythe
farthestapart.Whenflat(ill.),(100),and(110)fgcesofgopperand
silvercrystalswme punchedorscrat.che~witha steelpin,itwasfound
intheseexperimentshatverystrikingsliplineswereobservedon the
surfaceaddacento thescratch.Theelectrolyticmethodofpolishing
thesurfacemakestheselinesespeciallystriking.Onthe(Ill)planes .
.
., .-——
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threesetsof sliplinesmakeanglesof 6Qowitheachother,and.on the
(100)planestwosetsmke anglesofgoowitheachother.Elam(reference7)
statesthatin tensiletestson coppersinglecrystalsthegreatestmovemnt
occursby slipalongthe(1.11)planes.~ thetiictionexperimentsdescribed
inthisreportstrikingsliplinesmakinganglesof 6Uoonthe(ill)faces
andgo”onthe(100)faceswerevisible.
As indicatedby sliplines,allfoursetsof (ill)planesareinvolved
duringfrictionmeasurementsalongeither(Ill.)or (100)faces.On a
(111)facetherearethree(111)planeswhichmakeanglesof710withthe
surfaceandone(111)planewhichisparalleltothesurface.Sincethe
minimumstressisrequtiedto causeshearalongthe(Ill)plane,it %muld
be expectedthatfrictionwouldbe leastalong-the(ill)face. Littleor
no tendencyto diginwouldbe expected,andthiswasborneoutby these
e~eriments.
Ona (100)facefoursets of (ill)planesmakeanglesof55° withthe
surface,andonesetof (Ul) sliplinesisatrightanglestothedirec-
tionofpullandanothersetisparallelto thedirectionofpull.When
theforcens appliedto theuppercrystal,stresswasappliedto the
metalinandadjacentotheweldedjoint.Theweightof thecrystal
acteddom andthepullactedhorizontally.A sli@tmovementookplace
as themetalshearedownwardandupwardalong(ill)planes.Becauseof
thisshearingmotionalonga planenotparallelto thesurfacethetop
crystaldugintothebottomone. Theareaof contactwasincreased,and
an interlockingofthestepsthrownup ontilesurfacewasapparently
obtained.Thiseffectisanalogoustorubbingtogethertheendsoftwo
stacksof cards,the@.aneof onestackofcardsbeingsli~tlyinclined
to theother.Theincreasedareaof contactandinterlockingof thesec-
tionsincreasedtheresultanti%iction.On _Uheotherhandtheaction
whichtakesplacewhentwo(Ill)faoesarein contactisanalogousto the
slidingof onestackof cardsoveranotherwhenthefacesofthecards
erein contactandforceis exertedparallelto theplaneofthecards.
In thecaseoffrictionalongthe(100)facestieshearingandinterlocking
mayexplaintheinitialslightmovementandfinalfailuretobe dislodged
at kOOO~ams. ThelargergrooveseenunderthemicroscopeinthecaseC&
the(100)facesconfirmstheinterlockingandgreaterareaof contactin
thiscase.
In thecaseofpolycrystallinesurfaces,whenthecrystalswereheated
to52ooin contactinhydrogen,thecoefficientsra!ngedfran36to56,
whichrangeisintermediateb tweenthelowvaluesfor(Ill)facesand
thehi@ values for(100)faces.Thisvariationseemsreasonablesince
theorientationso-fthegrainsin contactwouldvarywitheachrun: The
coefficientsneverreachedthehighvaluesattainedfor(100)faces,but
thisisprobablydueto thefactthatcontinuedslipdownwardalong
(ill)planeswasblockedbyneighbainggrainsof differentorientations
andtheareaof contactincreasedonlya limltedamount.
.- J—-
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Theeffectofoxygeninthee~erimentswithsinglecrystalswas
striking.Aspreviouslyemphasized,thecoefficientofifrictionf crystals
exposedto theairwasabout1. In thfscasetheoxidefilmwasnotthick
enoughtoproduceinterferenceolors;thismeansthatitwaslessthan
@O A. Thefactthatcrystalsplacedincontact,afterbeingheatedin
hydrogenin orderto removethe oxide film,@ve coefficientsofthesame
orderofma,~tudeas thoseheatedin contactindicatesthateitherno
oxidefilmformedtiterheatinginhy&ogenor thatitwasso thinthat
thetopcrystalcutthroughitandformedmetal-to-metalcontact.When
twocrystalswerefirstheatedin contactinhydrogenat 520°andthen
oxidizedinairat 300°for3 minutes,thecoefficientsweregreatlyred~ed
comparedwithMat foroxidesurfaces.Thedeepoxidationproducedat this
temperatureprobablyweakenedthe.weld,andalsothefirstslightmovement
dueto sliptransferredtheuppercrystaltoan oxygen-coveredsurface
were strongadherencewasnotobtained.Inexperimentsinwhichthe
crystalswereplacedin contactbeforebeingheatedinhydrogen,thethick-
nessof them?iginaloxidefilmupto a certainpetitdidnotseemto
affectthecoefficients.ThesameresultswereobtainedwhentheInitial
oxidefi~, beforebeingheatedinhydrogen,wasofa thicbeasof1000A
orwhenitma an Invisibleoneformedby letttigthecrystalstandinati
atroomtengmrature.
It wasimpossibleby examinationwiththemicroscopetodetermine
accuratelytheareaofcontactinthefrictionmeasurementssincetheoonr
pleteoutlinesof there@on weredestroyedby theslidingoftheupper
crystal.However,a fairestimateoftheaotualareainfrictionmeasure-
mentscanbe obtainedfrcmotherexperiments.In e~erimentsconcerned
withtheverticalforcerequiredtodisengagetwocrystals,thecrystals
wereplacedtogetherandheatedinthesamermnneras inthefriction
experimentsbuttheinitfalregionsof contactwerenotdestroyedby the
slfdingcryst%l.Thereforetheregionsofcontactat thestartshouldbe
roughlythesameforthetwotypesofexperimentifthesameloadandtype
of surfacewereused. In-examiningtheregionsof contactfortheverticsl-
forceexperiments,itappearedthatcontin~uscontactwasestablhhed
throughout,ati”-thi~””was”confimnedby thefactthatthetensilestrengbh,
as calculatedfhmmtheverticalforceandareaof contact,wasofthesam
orderofmagcitudeas thestrengthofpolycrysta.llinecopper[reference~ .
Theareaof contactcouldhar~y havebeenseaterthanthatdefinedby
theoutsidedimensionsofthedisruptedregions,andthestrengthof
annealedsingle-crystalcopyerwouldnotexceedthatofpolycryetalline
material.Thereforeitseemsthatcontinuousweldin~overtheregion
definedby a disruptedsurfacewasobtainedwhenthecrystals were placed
incontactandheatedby themethodprescribedinboththefrictionand
vertical-pullmeastwements.
. .
..——
It wasonlypossibletodevotea rektivelybriefamountoftimeto
thevertical-pullexperiments.Theywerecarrie~outprimarilyto obtain
information thegeneralorderofrmgnitudeofadhesionbetweenthetwo
differentsetsof.facesinthefrictionexperiments.A completecomparison
NACATN No.1461
cannotbemadeof theadhesionbetweencrystalsinthe
vertical-pullexperimentssincetheloadspressingthe
were@ gramsinthefrictionemerimentsand75 grams
27
frictionand
crystalstogether
inthevertical-pull
experhents.Therewasonlya slightdifferencebetweentheaveragevalues
of theverticalpullrequiredto separate(1.00)and(ill)faces.No peat
differencewouldbe expectedintermsof’slipmechanism.As previously
pointedout,foursetsof (Ill)planesintersectthe(100)faceatangles
of550andthreesetsof (ill)planesintersectthe(ill)faceat angles
of710. It wouldbe difficulto calculatethedifferenceinthevertical
forcesrequiredto disengagethetwosetsof crystalsifallthepossibili-
tiesforshearandforblockingofshearweretakenintoconsideration.
Someinformation@ theinfluenceoftemperatureontheare8of contact
inthevertical-pulle~erimentswasobtained.Thetensilestrength,orthe
ratioof.pulJ_toareaof contact,raminedappro~tely thesameforall
msthodsofpticingthecrystalsin contact.Theareasof contactseemed
tovarysomewkatwiththetemperatureatwhichthecrystalswsreplaced
together,beinggreatestwhenthecrystalswereheatedincontactinhydrogen
at 520°,lesswhenplacedincontactat 300°,andstilllesswhenplaced
incontactatroomtemperatureafterheatinginhydrogen.Toomuch
emphasishouldnotbeplacedonthisconclusion,sincetracesof oxide
enteringtheapparatusandotidizingthesurfaceslightlybeforethe
crystalswereplacedin contactbothat 300°androomten@erat~emayhave
playedsomepartinthereductionoftheareaof contact.Undoubtedly
theincreasedmobilityat thehighertemperatureswasinpartresponsible
forgreaterareasof contact.Sincethecoefficientsoffrictionas
determinedby placingthecrystalsin-contactbeforeandafterheat$ng.in
hydrogenwereofthesameorderofma@tude, itwouldappearthatthe
finalareaof contactinthefrictionmeasurementwasindependentofthe
temperatureatwhichthecrystalswerepl.aceatogether.Thisfactis in’
contradictiontotheinfluenceof temperatureonareaof contactinthe
vertical-pullexperiments,butthedifferencemaybe explainedby the
possibilityhatinthefrictionmeasurementswhenthecrystalswereplaced
togetherafterheatinginhydrogen,theinitialareaof contactWS greatly
increasedby thefirsthorizontalmovementandby digging-in.
Theeffectofheatinginnitrogencrystalswhichhadbeenslightly
oxidizedby stantinginairwasto increaseadherenceappreciably.As
wouldbe expected,thethickertheinitialoxidefilm,thelowerwasthe
adherence.Whentiiefilmwasthickenoughto giveinterferenceolors,
heatinginnitrogencausedthelossof color.Theincreasedadherence
wasprobablycausedby lossof oxideduetopartialsolutioninthemetal
andtomigrationof copperatomsthroughtheremainingofidefilmdueto
theincreasedmobilitywithhightemperature.Thechange-inadherence
withthevariationinthicknessof the oxidefflm suggeststhatup toa
certainpointadherenceisdependenton thethicknessofthecontaminating
filmthrough@ich themetalatomsmustmigrate.Althoughcopperoxide
willevaporatqfroma coppersmfaceheatedina vacuumat ~“, theloss
ofoxidewhenthecrystalswereheatedinnitrogenat atmosphericpressure
wasprobablydueti-sli@tsolutionof theoxidein themst.al.Elam
(reference9)hasproposedthatcopperOxideatihightemperatumsmigrates
throughmssivecopperby soluticmofoxygeninthemetalandsubsequent
appearanceof oxygenonthesurfaceas oxideinanotherplace.
.-. .=
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It shouldbe emphasizedthattheprimarypurposeof theexperiments
describedinthissectiononstaticfrictionwastodeterminewhether
staticfrflctionvariedwithcrystalplane,andthegreaterpartofthetime
availablewasdevotedtothi~specificpurpose.Theotherexperimentson
themeasurementofisuchquantitiesa theareaof contactandinfluenceof
temperaturew recarriedoutto obtainonlytheorderofmagnitudeo&quan-
titieswhichwouldaidinunderstandingthemechanismof staticfriction,
andtimewasnotavailablefora campletestudy.
Withthestatic-frictimnmeasurementsavingasbasicexyerinentso
showtheinfluenceofoxidefilnandcrystalplaneonthesimplestypeaf
friction,exper~ntswerecarriedoutto obtaina preklminary pictureof
theinfluenceofthesefactorsonwearbetweenrubbingprts.
..-
Thee~erimentsonWE3arbetweentwodrypolycrystallinesurfacesof
copperhaveshownthatverystrongadherencewasobtainedbetweenmoving
IWrtswhentheoxidewasremoved.If thesmallest azmmt of oxygen, too
small to be detectedby atinarymethods,waspresentinthegas,thewsar
wasgreatlyreduced,th~sresultindicatingthattheweldingactionWS
prevented.bya thinoxidefilra.It isexceedin@ydifficulttoremve all
oxidefrcnnmetalsmfacesandtomaintainthemina completelybarecondL-
tionwhilemeasurementsarebeingmade. In ordertoobta-ina truepicture
oftheprocessesofwelding,friction,andwear,it isessentialthat
measurementsbemadeon completelybaremetalsurfaces.Additional
measurementsofwearbetweenlikesuryacesandunlikesurfaceshouldbe
madeIn therangeofroomtemperatureto200°.
..—
Thestrongadherencebetweenofid.e-freesurfacesmustresult&an the
sameforceswhichcausesolidificationandgiveriseto a definitecrystal
structureinthesolid-state.Thelackofadherencebetweenoxide-coverd
surfacesmaybe duetothefollowingcauses.Adsorbedgasmayprevent
~oodadhesion,butthiseffectisexpectedtobe mrml.1.Me tensile
strengthoftheoxideis~robablyconsiderablyessthanthatofthemetal
butisnotsufficientlysmalltoexplainthepooradherence.Theoxide
consistsOrtwodifferentldndsd.atoms,andthechancesotmatchlng
positionsfora continuouslatticewhenthesurfacesareplacedto~ether
arelessthanthechanceswithmetalsurfaces.Thefailuretomatchpost-
tionsWOU13preventstrongadhesion.Sincetheoxideformedfrcma given
anmuntof‘metalhasa greatervolumethanthemetal.ztheoxideisstrainqd
-d, afteranappreciablethiclmessisattained.,probablybecomesdisengaged
fromthemetal.
..-
.. ,. .-=—
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Roughnessof thehardermetalincreasestherateofwearofthe
softermetalinmoving parts. It wasshowninreference1 thatetching
by saneoilsroughenedsanecrystalfacesandothersremainedrelatively
smooth.Onepartof thepresentinvestigationwasconcernedwiththe
influenceofplaneon therateofwearthrougha fihnofleadby a coyper
crystalroughenedby etchingin stearicacid.A crystalgivenuniform
treatmenth stearicacidcausedwearinmineraloilata ratewhichwas
dependentoncrystallographicd rection.Undera thrustof200gramsthe
rough(110)faceworethroughtheleadfilmapproximately200t-s faster
thanthesmooth(ill)facewhichhada rateofwearaboutequaltothatM
an electrolyticallypolishedsurface.
The’resultsconcernedwiththeinfluenceofsurroundingatmospherecn
therateofwearthrougha film.ofleadby a coppersphereshowedthatthe
rateofwearina lubricantfreeofdissolvedo~genwasmuchgreaterthan
therateofwearina.lubricantcontainingo~gen. Whenthelubricantwae
squeezedoutandthesurfacescamein contact,theo~de filmactedas an
additionalltiricantandwearpreventive.Leadoxidewaswornawaysince
a continualcloudoftinyblackparticlestreamedfromthewearstreak.
However,In theabsencenfo~gen theparticleswhichwereremovedfrom
thestreakwereof shhy leadandwaremuchlarger.
If thepresenceofan oxidefibplays a substantialroleinpreventing
metal-to=etalcontacteveninthepresenceofa lubricant,as these
experimentssu~est,itwouldbe expectedthatbearingsmadeof silver,
gold,orplatinumwouldbe likelytoproduceseizureat elevatedtempera-
turesbecauseofthelowdecompositiontemperatureoftheiroxbies.
msc~ous ExPmmmr4 s
A fewmiscellaneowprelw~ry resfitshavebeendescribed.It is
significantthata processuchasrecrystallizationwasinfluencedtoa
depthof1 millimeterby theorientationf themetalat thesurface.
Additionalexperimentsmustbe conductedto obtaina satisfactoryex@ana-
tionofthiseffect.Sincethecrystalwasheatedinanoxidizingflaw
andthe(100)faceonwhichrecrystallizationt okplaceistheface
whicho~tdfzesthemostrapidly,it seemsthatoxidationmaybe a control-
lingfactor.It is interestingintheelectrodepositionof copperontoe
comer crystalfroma coppersulphate-sulphuricacidbaththatpolycrystals
formedon the(100)faceatmediumcurrentdensitieswhereasthedeposit
in otherregionswasmonocrystalline.Tfiisprocessofrecrystallization
maybe importantinmachineryinwhichmetalundera strainandexposed
to corrosivegasesisheatedandcooledrapidly.
Theinfluenceof sunli@ton theoxidationof coppercrystalsuggests
Ylatultravioletlightacceleratesotidatinn.Evidenceforthisis given
by thefactthattherateisreducedon theshady,sideof thecrystaland
alsoona crystalplacedbehinda pieceof ordineryglass.Theinfluence
. .
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ofsunlighton ticrystalplacedina quartzvesselwillbe determined.
Theexact--roleofwatervaporshouldalsobe investigatwd.Theseexperi- .
mentssreof interest-inconnectionwithanunderstandingof themecha-
nismof oxidation.
. ..
CONCLUSIONS
--
TherelationofthestrictlychemicalresultsreTortedinNACATN
No.1460totheprocessesof frictionandwearshouldbe considered.
Itwasreportedthatitherateof-anumberof chemicalandelectrochemical‘– —
reaothnswitha Mge nmiberofmetalsvariedwithcrystalplane.The
influenceofthesurroundingatmosphereontheoil-metalinterfacewas
alsoshowntobe great.
—
Theexperimentsdescr+bedinNACATN No.1460especiallyshowed
thatinvisiblefilmsofoxidegreatlyaffectedbothchemicalandphysical
~rocesses.Theseoxidefilmshavegenerallybeenconsideredas unavoid-
able,andlittleattentionhasbeenpaidttiheirrealsignificance.
Theroleof thesefilmsisfurthercomplicattiby thefactthat-their
rateof.fomationvarieswl.thplixue.Whenalloxidewasremoved,values
wereobtainedfo~staticfrictionbetweensinglec~stalaof copper
whichwereconsiderablyhigherthansnypreviouslyreported,andthe
staticfrictionwasfoundtwvarygreatlywithplane.Therateofwear
betweentwc)drypolycrysta~lnesurfacesr6du.oedinhydrogenwasvery
great,belmgdecreasedninehundredfoldati300°whenthemetalwas
exposedtomatmxphere containingonly0.2peroentoxygeninnitrogen.
Similarlywhena coppersphereworethro@ a leadfilmtimineraloil
at-roomteqerature,theratewas200timesfasterinhydrogenthanin
atr. Therateofweardueto roughnesscawed.by etchingvariedwith
plane.Thesefewresultsofarobtainedindicatwthegrea&@ffect
whichcrystalpl+neandthinfihnsof oxidecanhaveon frictionand
..-
wear. A verylowconcentrationof oxygeninthesurroundingata.osphere,
intheneighborhoodf1 percent,waseffectiveintheseexperimentsin
preventinghi@ valuesof-frictiona dwear. Since?.ms&frictlona d
wearexperimentsarecarriedout on surfacesfromwhichtheoxidefilms
.—
havenotbeencompletelyremoved,theseresultsindicatethatoxide
filmsareresponsiblefora greaterpartwftwtallubricationthanis
generallyrealized.No informationisnowavailableh“theliterature
onthelnfhence of crystalpleaeonfrict@nsndwear,anda very
smallamount“ofinformationisavailableon theinfluenceofoxygenand
oxidefilms. *
A fewstatementsofopinionregardingthegeneralsignificanceof
thesestudieswithsinglecrystalseemtobe Justifiedintldx!section.
Thefirststatementhastodowiththenecessityofibtatifngbasic
—.
information a nud%r ofprocessesbeforeanyoneparticularsurface
processcanbe fullyunderstood.Thesecondis concernedwfththe
practicalusestowhichtheinformationalreadyobtahedmaypossibly
beput. .
—.
.-.
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Theexperienceobtainedinthisinvestigationhasdefinitelyshown
thatbeforesnyoneparticularsurfaceprocesscm le fullyunderstood,
a nuniierofprocessesmustbe understood.Forexample,frictionand
weeraredependenton oxide“filmsformedonmetalsurfaces.Therateof
formationofan oxidefilmappearstobe dependenton theprocessesof
diffusionandelectrontransfer.Electrontransferinturnisdependent
onelectricalconductivityof theoxideandonemissionof electrons.
Thusa trueunderstandingoffrictionandwearmayhe dependenton em
understandingofthebehaviorof electronsatmetalsurfaces.A study
.ofthemanifoldpropertiesof theunitcrystalsoffersan exce~ent
opportunityforthecorrelationfmanyapparentlyunrelatedprocesses.
Fulladwxntagehasinno wayyetbeentakenof thepossibilitiesof
thismethodofstudy.
As regardsthepracticaluseof theinformationalreadyobtained,
itshouldbe emphasizedthattheprimarypurposeof thesestudieswasto
obtaininformation themechanismof surfaceprocesses.At thesame
timeitwasintendedto detemnine,insofaras studiesof thist~e would
allow,thepossibilitiesforreducingcorrosion,friction,andwearon a
practicalscaleby a controlofplanesndatmosphere.Sticeonlya few
simpletypesof frictionandwearhavebeenstudied,itstillcannot
be claimedthattheycouldhe reducedona practicalscaleby a control
ofplaneandgas,butithasnowbeenshownthatoxidation,corrosion,
wetting,electrochemicalprocesses,anda fewtypesof frictionandwesr,
allprocesseswhichareimportantto lubrication,varyinratewithboth
plsmeandnatureof thesurroundinggas. Therefore,thepossibilities
appeartobepromising,andfurtherexperimentsinvolvingvariouscombi-
nationsof theaforementionedprocesseswithcontrolofplaneandatmos-
phereseem~uetifiedfroma practicalstandpoint.At thepresentime,
= PreviQ~Q PotitedoutinNAOA‘INo.1~, theonlydeliberatecase
of industrialcontrolof crystalfaceat surfacesIstheadditionof
thioureato obtaina verysmoothcopperelectrodeposit.It~S foundby
X-raysthatthesurfacecrystalswereoriented,tiththe (100)p-es
parallelto thesurface.As regardstheinfluencewhichcontrolof
atmospheremayhaveonfrictionandwear,itappearsfromtheseexperi-
mentsthatthebeneficialeffectof oxideinreducingfrictionad wear
isobtainedfrtithefirstfewpercentof.oxygeninthesurroundinggas
andthatalloxygeninexcessof thissmallamountlsrgelyincreases
corrosionwithouthelpinginotherways. .-
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Figure l,-Static-frictionapparatus.
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Figure2.-Verttcal-pullapparatus
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Figure5.-Wearapparatus.Controlledatmosphere.
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Figure6.-Wearthroughalead-platedrotorbyasinglecrystalsphereofcopperpreviouslyetchedh
stearica idaudairat185°C. Leadthickness,0.0005hclqloadonsphere,ZOOgrams;rotor
speed,W rpm;rotordiameter,1.5kches.
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Figure7.-Effectofatmosphereon@e ofwearthroughaleadfilmbya electro@ishdcoppersphere. ccl
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